The effect of pentobarbital and isoflurane on cerebral glucose metabolism (CMRgle) was studied in thermally injured rat brain using quantitative autoradiog raphy. In awake lesioned animals, CMRgle in cortical re gions ipsilateral to the injury was reduced to 50% of nor mal while little if any decrease was observed in contra lateral cortical regions and subcortical regions bilaterally. Treatment of lesioned animals with pentobarbital or iso flurane further reduced CMRgle, but more in the hemi sphere contralateral to the injury than on the injured side.
Although pentobarbital and isoflurane are well known to reduce glucose metabolism in normal brain (Crane et aI., 1978; Maekawa et aI., 1986; Ori et aI., 1986) , the metabolic effects of these drugs in injured brain have not been studied. These drugs are thought to depress cerebral metabolism by re ducing neuronal activity, and it has been postulated that the greatest proportion of the metabolic depres sion occurs with the onset of functional cerebral depression (Stulken et aI., 1977) .
Glucose utilization has been shown to bear a close relationship to physiologic function (Sokoloff, 1977) . A recent study of head-injured patients (Langfitt et aI., 1986) revealed decreases in glucose metabolism that were not associated with structural brain damage, suggesting that head injury may cause functional cerebral depression in humans. This functional depression would be expected to limit the cerebral metabolic effects of drugs such as pentobarbital and isoflurane.
In this study, we have examined the effects of pentobarbital and isoflurane anesthesia on local CMR g lc in functionally depressed brain using a freezing lesion model of brain trauma in the rat (Pappius, 1981; Pappius and Wolfe, 1983; Colle et aI., 1986) . Studies using this model have revealed that a small superficial freezing lesion in the cortex causes a profound, reversible reduction in CMR glc ' The metabolic depression is unevenly distributed, affecting most profoundly the cortical structures ip silateral to the injury, where CMR glc may be re duced by 45-50% of the normal values (Pappius, . 1981 ). If the depression of CMR g lc associated with the freezing lesion is functional, then anesthetic drugs such as pentobarbital and isoflurane should act to reduce CMR g lc further. Accordingly, this study was undertaken to determine whether CMR glc in brain regions depressed by the freezing lesion is further reduced by treatment with pentobarbital and isoflurane.
In addition, we speculated that the reduction in CMR g lc by the administration of pentobarbital and isoflurane would be less in brain regions depressed by the freezing lesion. In this model, therefore, ad ministration of pentobarbital and isoflurane should lead to a greater decrease in CMR g lc in cortical re-gions contralateral to the freezing lesion than in cor tical regions in the lesioned hemisphere.
MATERIALS AND METHODS
The experimental protocol was approved by the Ani mal Care Committee of the Montreal Neurological Insti tute. The experiments were performed using male Sprague-Dawley rats (250--300 g body weight). All rats were studied after an 18-20 h fast during which time they were allowed free access to water. In a preliminary study, CMRgle was measured in normal animals anesthetized with pentobarbital and isoflurane. To test the hypotheses of the study, in separate groups of animals, CMRgle was measured under the following conditions: (a) normal con scious animals (normal); (b) lesioned, conscious; (c) le sioned, anesthetized with pentobarbital; or (d) lesioned, anesthetized with isoflurane.
Freezing lesion
Under general anesthesia (halothane, 1.5-2 vol% in ox ygen), the scalp was incised and a 4 mm square craniec tomy was performed 2 mm from the midline, posterior to the coronal suture. A standardized freezing lesion was made in the left parietal cortex by applying a 3 mm copper probe (cooled to -50°C with a slurry of dry ice/acetone) to the intact dura for 5 s. The wound was then closed and the animal allowed to emerge from anesthesia.
CMRgIc determination
Local cerebral glucose utilization was determined with the autoradicgraphic deoxyglucose (DG) method of Sokoloff et al. (1977) . For animals with lesions, studies were performed 3 days after the placement of the lesion, the time shown by previous studies (Pappius, 1981) to be associated with the nadir of CMRgle in the injured hemi sphere. Under general anesthesia (halothane, 1.5-2 vol% in oxygen), catheters were inserted into the femoral ar tery and vein with the aid of a dissecting microscope. Local anesthesia was provided with topical lidocaine ap plied to the skin edges prior to wound closure. The ani mals were then partially restrained with a plaster cast applied up to the level of the rib cage, a method that has been shown not to alter CMR Ie (Soncrant et ai., 1988) .
Four hours were then allowed for the elimination of halo thane prior to CMRgle determination.
The physiologic state of each animal was evaluated prior to the DG study by measuring arterial blood gas tensions, MABP, plasma glucose, and rectal temperature. Temperature in anesthetized animals was measured seri ally during the period prior to CMRgle determination and was maintained at preanesthetic levels with a heat lamp. The rectal temperature of each animal was recorded at the beginning of the CMRgle experiment. All other phys iologic variables were recorded at the beginning and mid way through the CMRgle experiment. with an ILS 1302 blood gas analyzer (Instrumentation Laboratories, Milan, Italy). The CMRgle experiment was begun by injecting a bolus of 30 fLCi of [14CjDG into the venous catheter over 30 s (2-deoxY-D-[1-14C]-glucose specific activity of 50--56 mCilmmol, New England Nu clear). Timed arterial sampling for determination of plasma [14CjDG and glucose concentrations commenced 15 s after the start of the injection and was continued for 45 min. The animals were then killed by decapitation, the brain quickly removed and frozen in Freon XII, and cooled to -50 to -60°C in liquid nitrogen vapor.
Brains were cut into 20 fLm thick sections in a cryostat (American Optical Co., Buffalo, NY, U.S.A.) maintained at -22°C and the dried sections were used to prepare autoradiographs. Calibrated [14Cjmethylmethacrylate standards (New England Nuclear) were included with each autoradiograph.
Densitometry was performed on the developed autora diographs using a Photovolt Densitometer (Model 52, Photo volt Corporation, New York, NY, U.S.A.), with a 0.1 mm aperture, and averaging the results of at least five readings from each structure studied. Calculations were performed with a PDP-12 computer (Digital Equipment Corp., Maynard, MA, U.S.A.).
Pentobarbital and isoflurane administration
Sodium pentobarbital was injected intravenously in 5 mg/kg boluses repeated every 5 min to the end point of abolishing the motor response to the application of a tail clamp. Mean arterial blood pressure was maintained above 90 mm Rg by transfusion of 1 ml aliquots of rat blood. The CMRgle experiment was begun once the MABP under anesthesia had been stable for 10 min. Sup plemental pentobarbital was provided during the CMRg 1C experiment as required to maintain the surgical level of anesthesia. Plasma pentobarbital levels were measured in blood samples drawn at the midpoint of the experiment using gas-liquid chromatography (Sherwin et al., 1973) .
A similar procedure was used in the isoflurane-treated animals. Isoflurane in oxygen in increasing concentra tions starting at 0.5 vol% was administered by inhalation to the spontaneously breathing animals. The inspired iso flurane concentration was monitored with an infrared vol atile agent device (model AAM 222, Puritan Bennett Corp. Lenexa, KS, U.S.A.). At each 0.5% increment in inspired isoflurane concentration, a 15 min equilibration period was allowed before the tail clamp was applied. This sequence was repeated until there was no response to tail clamp application, at which time the CMRg)c ex periment was begun.
Data analysis
In each experiment, CMRgle was determined in 28 sep arate structures identified on the autoradiograph. For pre sentation and analysis of results, these structures have been grouped into cortical, subcortical, brainstem, and white matter regions in accordance with the previously determined pattern of CMRglc depression following a freezing lesion (Pappius, 1981) . These structures are listed in Tables 2-4. Within each of the lesioned groups, CMRglc values in structures in the left (lesioned) hemi sphere were compared to values measured in the right (nonlesioned) hemisphere using the paired Student's t test. In the preliminary study of the effects of pentobar bital and isoflurane in normal animals, CMRglc values for each of the structures in the anesthetized groups (pento barbital and isoflurane, Table 3 ) were compared to the values in the normal awake animals using the unpaired Bonferroni t test (Wallenstein et al., 1980) for two com parisons (see below). The fIrst hypothesis of the study, that CMRg1c in the lesioned hemisphere would decrease with pentobarbital or isoflurane treatment, was tested by comparing CMRglc in the structures of the lesioned hemi sphere of awake animals (FL) to the corresponding values in the anesthetized animals (FL Pb, FL Iso). The t values thus obtained were divided by 2, the number of compar isons made, before assigning statistical signifIcance.
The second hypothesis of the study was that the reduc tion in CMRglc associated with treatment with pentobar bital or isoflurane would be greater in cortical regions in the unlesioned hemisphere than in the lesioned hemi sphere. To test this hypothesis, the reduction in CMRglc was calculated as the diff erence in mean CMRglc between the awake and the anesthetized animals in each structure for the lesioned and unlesioned hemispheres separately. These values were then averaged to produce mean differ ences for cortical, subcortical, and brainstem structures in each hemisphere. An unpaired Bonferroni t test for two comparisons was then used to compare the CMRglc dif ferences for each group of structures between the le sioned and the unlesioned hemispheres.
RESULTS

Physiologic state of the animals
The average values of the physiologic measure ments made during each experiment are presented in Table 1 . Due to the small number of animals in the preliminary study, physiological data are not presented. In both of the anesthetized groups, blood pressure was approximately 20 mm Hg lower than in the conscious animals (p < 0.05). Respira tory acidosis was also present in the anesthetized animals at the initial blood gas tension determina tion, with the mean P aC02 values of 7 and 5 mm Hg above the conscious control groups in the pentobar bital-and isoflurane-treated animals, respectively (p < 0.05). Metabolic acidosis was also present in the final blood sample of two animals in the isoflu rane group (pH 7. 17 in both animals with P aC02 values of 39 and 45 mm Hg). These animals ac counted for the significantly lower pHr in the iso flurane group (pH of 7.29 ± 0.03, p < 0.05). Inspec tion of the data did not suggest that the CMR glc values for these animals differed significantly from the other members of their group and data from these animals were therefore included in the analy sis. Oxygenation was significantly different in the anesthetized animals, with Pa02 being higher (p < 0.05) in the isoflurane-treated animals and lower in the pentobarbital-treated group. Blood glucose lev els were significantly higher in the lesioned animals anesthetized with isoflurane (p < 0.05), but in no group was there a significant difference between the initial and the final blood glucose determinations.
The effect of the freezing lesion on CMRg lc
Local cerebral glucose utilization values for indi vidual structures in the normal and awake lesioned animals were summarized in Table 2 (see Fig. 1 ). The reduction in CMRgl c by the freezing lesion was greatest in cortical regions (42%) and less in the subcortical (32%) and brainstem structures (15%).
The right (unlesioned) side was less aff ected by the lesion, giving rise to a side-to-side difference in the CMRglc values for many structures. In the present experiments, CMRgl c in the cortical regions of the unlesioned hemisphere was not significantly different from the normal values. In subcortical re gions, although several structures (superior collicu Ius, substantia nigra, dentate gyrus, anterior hip pocampus, and lateral geniculate) were significantly depressed in comparison to the normal animals, there was no significant side-to-side differences ex cept in the lateral thalamus and the caudate. Simi larly, in the brainstem regions, some structures on both sides were depressed (p < 0.05): cerebellar Mean values (SD); i and f indicate initial and final, respectively; n, number of animals; MAP, P aC02 and P a0 2 in mm Hg; glucose in gldl; temperature in °C; FL, freezing lesion; FL Pb, freezing lesion, pentobarbital-treated; FL Iso, freezing lesion, isoflurane treated. a Significant difference compared to normal, p < 0.05. cortex bilaterally, cochlear nucleus (right), and the pontine gray (left), but there were no significant side-to-side differences. In the white matter structures studied, CMR g lc was significantly depressed in the corpus callosum bilaterally (p < 0.05). In summary, therefore, the CMR g lc depression produced by the freezing lesion resulted in a marked side-to-side asymmetry of glucose metabolism for cortical regions but not for subcortical or brainstem structures.
Pentobarbital and isoflurane treatment
The preliminary study of CMR g lc in unlesioned animals anesthetized with pentobarbital and isoflurane is summarized in Table 3 , demonstrating significant decreases in CMR gl c in all cortical structures, the majority of subcortical structures, and some of the brainstem structures (see Fig. 1) .
Mean values for the pentobarbital-treated and isoflurane-treated lesioned animals are summarized in Table 4 . Comparison of the values for each structure in the left hemisphere of each of these anesthetized groups with the corresponding values in the left hemisphere of the awake, lesioned animals showed a heterogeneous depression in CMR gl c and an elimination of the left-right differences observed in the awake, lesioned group. Since in the awake animals the lesion reduced CMR g lc in cortical regions on the left but not the right side and since the anesthetics reduced cortical CMR g l C to similar levels on both sides, the CMR g lc reduction by the anesthetics was greater in cortical regions on the right side (Table 5 ).
DISCUSSION
This study shows that in rats with a unilateral cold injury, administration of pentobarbital or isoflurane reduces the average cortical CMR g lc value in both hemispheres to approximately 35% of the normal value. The side-to-side difference observed in many structures in the awake, lesioned animals was not apparent in the anesthetized, lesioned ani- 
(3)
Mean values (SO); n, number of animals; Pb, pentobarbital treated; Iso, isoflurane-treated. a Significant difference compared to normal, p < 0.05. mals. Thus, the effect of the anesthetics was to de press metabolism more (in terms of absolute reduc tion) in the right hemisphere (contralateral to the lesion) than in the injured side. These results are consistent with the interpretation that the depres sion in cortical CMR g lc caused by the lesion is func tional, and that further reduction in metabolism by anesthetics is possible only within the proportion of the CMR g lc that is generated by neuronal activity. A corollary to this conclusion is that in functionally depressed brain, the potential for reduction of met abolic rate by pentobarbital or isoflurane is dimin ished by the effect of the injury. For example, in the visual cortex, pentobarbital reduced the average CMR g lc by 54 !Lmol 100 g-I min -I on the right (un injured) side but by only 18 !Lmol 100 g-I min -2 on the left (injured) side. Although this result is obvi ous for physically disrupted or necrotic brain, the results of the present study show that brain regions remote from the injury may have limited capacity for reduction of metabolism if they are subject to functional depression.
Our methodological concerns in this study were J Cereb Blood Flow Metab, Vol. 10, No. 5, 1990 (a) the use of spontaneously breathing animals, (b) the effect of the freezing lesion on the intracerebral glucose concentration and hence the calculation of CMR g lc, and (c) standardization of the anesthetic dose.
The physiological assessment of the animals, summarized in Table 1 , reveals that in comparison to the unanesthetized animals, the pentobarbital and isoflurane-treated rats had lower MABPs and both a respiratory and metabolic acidosis. We are not aware of any physiological reason why systemic disturbances of the magnitude seen would alter ce rebral metabolism, and the CMR g lc method is re ported to be reliable within this range.
Among the prerequisites for the reliable use of the DG method is the requirement that the animals have adequate intracellular brain glucose, making phosphorylation the rate-limiting step, and allowing a correction to be made for the fact that DG is phos phorylated at a slower rate than glucose. In the DG method, this correction is made using a "lumped constant" (Sokoloff et aI., 1977) , which contains the ratio of tissue distribution for the two hexoses, and is therefore sensitive to conditions that alter brain glucose content directly or indirectly by changing the blood glucose concentration. In this study, blood glucose concentrations were well maintained within the normal range and did not change markedly during any of the DG experi ments. In previous studies in awake rats using this model of cold injury, the distribution of 3-0-[ 14 C] methylglucose (Gjedde and Diemer, 1983) in the brain was unaltered by the freezing lesion (H. M. Pappius, unpublished data), suggesting that brain glucose content is not disturbed by the freezing le sion.
Administration of the anesthetics to the end point of nonmovement to tail clamp was selected in order to produce a similar functional depression of the brain with the two anesthetics used. In the case of isoflurane, this end point would correspond to 1.3 times the minimum alveolar concentration, a point at which more than 70% of the maximal reduction in metabolism will have occurred (Stulken et aI., 1977) . Pentobarbital administration to this end point has been shown to reduce glucose metabolism by 90% of the maximal reduction observed with pen tobarbital (Crane et aI., 1978) . The similar values for the average gray matter CMR gl c in the two anes thetized groups [mean values in !Lmol 100 g-I min-I ± SD; lesioned, pentobarbital = 52 ± 4 (left), 55 ± 4 (right); lesioned, isoflurane = 55 ± 6 (left), 56 ± 6 (right)] confirm that a similar degree of functional depression was obtained in the two groups. The CMR g lc values observed in the cortical regions (av- erage of 35% of normal) are somewhat lower than what is usually considered the maximal functional depression of metabolism, since 40% of brain en ergy has been estimated to be used for ion transport and maintenance of cellular integrity (Crane et aI., 1978) . Since temperature was well preserved in both of the anesthetized groups, we feel that this Values are the mean differences (SO) in CMRglc reduction with treatment between the unlesioned and lesioned hemispheres.
FL Pb, freezing lesion, pentobarbital-treated; FL Iso, freezing lesion, isoflurane-treated. a Significant difference compared to subcortical and brainstem structures.
result is due to the regional nature of the DG method. The estimate mentioned above (Crane et aI., 1978) applies to whole brain and could only be compared to the regional determinations in this study if we were able to calculate the mean of the CMRglc values weighted for the masses of the indi vidual structures studied.
In summary, the results of this study support the hypothesis that the metabolic cerebral depression associated with the focal cold injury is functional in nature. In metabolically depressed regions, the ef fects of pentobarbital and isoflurane are limited by the decrease in CMRglc that has already occurred. The regions involved need not be directly injured cortical regions remote from the focal injury were profoundly depressed by the lesion. In the latter aspect, the current model would seem to be appro priate for patients in whom trauma (Langfitt et aI., 1986) or cortical infarction (Heiss et al., 1983; Gins berg et al., 1989) has caused depression of metabo lism. If the findings may be extrapolated to the hu man brain, the results of the present study suggest that therapeutic efforts that depend on reduction of brain metabolism may be limited by the depression of metabolism that is associated with the primary injury.
